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Down syndrome (DS), the most common genetic cause of
developmental disability, is characterized by intellectual
impairment and musculoskeletal disorders [1]. Clinically,
children with DS are described as having low tone, or low
stiffness, which may affect muscle strength and motor skills
[2]. Recently, osteoporosis has been identified in in-
dividuals with DS, being one of the main factors contrib-
uting to both premature morbidity and mortality in this
population [3]. The significant increase in life expectancy
of this population may explain the onset of osteoporosis.
Indeed, life expectancy of DS patients was less than 50
years two decades ago. Currently, patients with DS may
reach 65 years of age on average and, therefore, can be
affected by this disease. In addition, thyroid dysfunction,
abnormalities of sexual development, and nutritional
troubles may contribute to the development of osteopo-
rosis. It must be acknowledged that both pediatric and
adult DS cohorts display a low level of physical fitness [4].
Clinical assessment of osteoporosis relies mainly on bone
mineral density (BMD) measurements using dual-energy X-
ray absorptiometry (DXA). The quantitative bone ultra-
sound (QUS) technique can also discriminate between
normal and osteoporotic women [5] with a sensitivity
similar to densitometry techniques. DXA does not provide
any information on bone structure and matrix factors. QUS
variables, in addition to bone density [6], also depend on
bone structure and composition. QUS is a recognized
alternative noninvasive technique that measures some
characteristics of bone quality such as microarchitecture,
elasticity, and density [7].
The link between muscle and bone (“functional
muscleebone unit”) is well described [8]. The key idea is
the analysis of bone parameters within the context of
muscle function. In this way, Schoenau [9] proposed a two-
stepped diagnostic algorithm to characterize metabolic
bone diseases in children and adolescents. Individuals who
are characterized by a normal muscle mass in relation to
their stature, but have insufficient bone mass in relation to
muscle mass, are subjected to a primary bone disease. By
contrast, secondary bone diseases are defined by a correct
bone modeling process in combination with a decreased
muscle mass or function. Muscle contraction places the
greatest physiological load on bone, and so the strength of
bone must adapt to muscle strength [10]. It can be argued
that deficiencies in muscle contraction represent the major
cause of bone weakness (secondary bone disease). There-
fore, if muscle hypotonia is reported in patients with DS, a
resulting osteopenia would be observed.
The aim of this study was to assess the skeletal status of
individuals with DS using the quantitative ultrasound tech-
nique. A second purpose was to relate these ultrasoundparameters to body tonicity. Although body tonicity is not
readily quantifiable, we chose to assess it by stabilometric
measurements. Stabilometry is a valid, objective, and
functional evaluation of the postural control system in its
steady-state behavior.
Methods
Participants
All active individuals with DS were eligible for recruitment
into this study, which was conducted in France and Romania
using the same ambulatory devices. A group of 193 patients
with DS (104 males and 89 females) aged between 8 and 37
years participated in this study. Concomitantly, we
measured a total of 246 healthy individuals (107 males and
139 females) aged between 10 years and 61 years. Mea-
surements were performed with support from the Special
Olympics Organization and French Federation of Adapted
Sport. Written informed consent was obtained from all
parents or participants. The study had obtained agree-
ments from the ethical committee of Bucharest University
(UNEFS) and the medical department of Adapted Sport
Federation in France.
Anthropometric measurements
Body height was measured with a standard stadiometer
(Holtain Ltd., Crymych, UK) and body mass on a balance-
beam scale (SECA 709; Seca, Hamburg, Germany).
QUS measures
The Achilles Insight (GE, Lunar Corporation, Madison, WI,
USA) is a quantitative ultrasound imaging device, which
allows quick production of real-time images of the heel
bone. Broadband ultrasound attenuation (BUA) and speed
of sound (SOS) values are measured in a circular region of
interest (ROI). The ROI programmed by the manufacturer of
the Achilles has a diameter of 25 mm, the same size as the
transducer. It allows the acquisition of a circular ROI of
around 80 mm.
A closed-water system provides dynamic coupling.
Alcohol was applied, as a coupling agent, to the surface of
the calcaneus skin in order to facilitate the propagation of
ultrasound beam. In some cases, the ultrasound signal does
not reach the receiving transducer, resulting in a value out
of range. This can occur when bone mass is either
extremely high or extremely low, and the signal is therefore
not measurable.
Because there is no consensus on whether the dominant
or nondominant foot should be used to measure BMD or
QUS and Osteopenia Prediction in DS Patients 31predict fracture risk, we chose the nondominant foot. We
asked the participants and parents to nominate the domi-
nant hand, and chose the contralateral foot for analysis.
In our laboratory, the intraoperator coefficient of vari-
ation for BUA and SOS were 1.6% and 0.4%, respectively.
Calculation was made in 10 patients with repositioning of
the measured foot in the device.
BUA values are dependent on trabecular orientation
in vitro [11]. However, high correlations of r Z 0.75e0.90
have been reported in vivo between BUA and BMD at the
calcaneus using QUS and DXA with matched regions of in-
terest [12]. Therefore, the primary outcome of the present
study was the BUA value.
To verify the meaning of QUS data obtained at the
calcaneus, we measured lumbar spine and hip BMDs by DXA
and bone QUS data in a sample of 70 individuals including
osteoporotic and healthy persons.
Stabilometric measures
The analysis technique is based on the measurement of the
center of pressure (CoP) sway in a standing position.
The following parameters were used to assess the balance:
the postural sway area (in mm2, corresponding to the area
of the 90% confidence intervals for the ellipse surface area
that contains 90% of the CoP positions sampleddArea),
CoP’s total path length over the time (in mmdLength),
variance of velocity (VFY), average sway velocity (aV), and
CoP’s total path length per unit surface (LFS). Usually, the
measure of VFY, routinely used by posturologists in clinical
practice, is able to characterize the tonicity of the body:
the lower the variance, the higher the tonicity [13]. Indeed,
it is well accepted that VFY reflects the muscle tone for the
posterior chain of postural muscles. The average value of
this parameter is zero; a positive value indicates a decrease
of the muscle tone, whereas a negative value means an
increase of the muscle tone.
The measures were obtained in standard conditions,
with patients requiring to keep their eyes open and teeth
clenched, conditions in which all the neurosensorial infor-
mation (visual, vestibular, proprioceptive, and exterocep-
tive) is active, with the parameters measured reflecting the
postural control of the patient [14].
Body sway area was recorded by means of a three-strain
gauge platform with automatic weight correction (Postur-
eWin-Platform V328; Techno Concept, Mane, France).
Forces acting on the platform were sampled at 40 Hz.
Participants stood barefooted, facing a target placed at a
distance of 90 cm, in agreement with the recommendation
of the International Society for Posture and Gait Research
[15,16]. Feet were placed at an angle of 30, and the dis-
tance between the heels was 2 cm. Time of acquisition was
51.2 seconds.
Statistical analysis
All values were expressed as means and standard de-
viations. Gaussian distribution of the variables was assessed
using the ShapiroeWilk test. In case of non-Gaussian dis-
tribution, nonparametric tests were used, and for a com-
plex statistical analysis, the data were log-transformed.Pearson’s two-tailed correlations were performed to test
the associations between BMD values and QUS data.
Analyses were conducted for the whole group and sepa-
rately for gender. Because the age rangewas not continuous,
patients were divided into age groups using a decision tree
procedure. The decision tree procedure creates a tree-based
classificationmodel. It classifies cases into groups or predicts
values of a target main variable (BUA here) based on the
values of independent variables (calendar age in years). The
procedure provides validation tools for an exploratory and
confirmatory classification analysis. Differences between
the means of age groups were estimated using a one-way
analysis of variance or a KruskaleWallis test.
Pairwise comparisons of QUS and stabilometric parame-
ters by age group and gender were performed using inde-
pendent t tests or a ManneWhitney U test. Because age
differedwithin the subgroups,weenteredageas a covariate.
Intragroup differences were tested between the age
groups using a nonparametric ManneWhitney U test.
In order to assess the potential associations between
ultrasound measures, biometric data, age, and stabilo-
metric evaluations, either Pearson’s or Spearman’s two-
tailed correlations were calculated.
We used the receiver operating characteristic (ROC)
technique for BUA, Area, Length, VFY, aV, and LFS to
evaluate their power to discriminate DS patients from
healthy individuals. The areas under the ROC curve (AUCs)
were calculated to classify the discriminating power of
each explanatory parameter.
All analyses were conducted using SPSS software (PASW
Statistics for Windows, Version 18.0. Chicago: SPSS Inc).
Significance was set at p < 0.05.
In order to preclude the outliers (out of range data), we
excluded data with values beyond 2 standard deviations.
Results
Participant characteristics
As displayed in Table 1, the control (CTL) and DS total
groups were similar in age and weight. Patients with DS
were shorter and had higher body mass index than those in
the CTL group (p < 0.001).
The classification obtained from the decision tree test
had resulted in four age groups for the relation ageeBUA.
The mean ages (as expressed in years and months) were as
follows: Group 1d10 years 9  13 months; Group 2d15
years 2  12 months; Group 3d20 years 6  27 months; and
Group 4d33 years 4  84 months.
No difference was observed in the distribution of gender
within age groups (Pearson’s Chi-squareZ 3.55, p > 0.05).
QUS parameters
ThetwoQUSvaluescorrelatedwith lumbar spine, right femoral
neck, and left femoral neck BMD values (r Z 0.25e0.36 for
BUA, p < 0.05; rZ 0.53e0.62 for SOS, p < 0.001).
Table 2 shows QUS characteristics in the two groups.
After removal of the outliers for the BUA parameter, the
resulting samples included 187 DS patients (101 males and
86 females) and 242 controls (104 males and 138 females).
Table 1 Characteristics of the patients.
CTL mean
(SD)
DS mean
(SD)
Between-group
difference
CTL mean
(SD)
DS mean
(SD)
Between-group
difference
Age (y) 21.2 (8.4) 20.8 (6.8) NS Group 1 10.8 (0.7) 10.8 (1.4) NS
Group 2 15.4 (0.7) 14.9 (1.2) NS
Group 3 20.0 (1.7) 21.1 (2.7) p < 0.01
Group 4 36.6 (8.5) 30.1 (3.2) p < 0.001
Height (cm) 167.5 (11.1) 151.0 (13.6) p < 0.001 Group 1 145.6 (7.0) 144.4 (14.5) NS
Group 2 169.1 (8.3) 150.0 (12.9) p < 0.001
Group 3 169.9 (9.2) 152.3 (14.6) p < 0.001
Group 4 168.4 (9.8) 153.2 (11.1) p < 0.001
Body weight (kg) 61.7 (14.6) 58.6 (15.2) NS Group 1 40.7 (8.0) 51.5 (17.5) p < 0.05
Group 2 61.5 (12.7) 55.0 (18.5) NS
Group 3 63.2 (12.9) 61.7 (12.9) NS
Group 4 67.4 (15.9) 60.4 (12.7) NS
BMI (kg/m2) 21.9 (3.8) 26.1 (12.2) p < 0.001 Group 1 19.1 (3.3) 23.8 (4.7) p < 0.005
Group 2 21.3 (3.3) 23.8 (6.0) NS
Group 3 21.8 (3.6) 28.1 (17.7) p < 0.001
Group 4 23.9 (4.2) 26.0 (5.5) p < 0.05
BMI Z body mass index; CTL Z control group; DS Z Down syndrome group; NS Z not significant; SD Z standard deviation.
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lower BUA (e6%) but higher SOS (þ1%) values.
As displayed in Fig. 1, BUA was significantly higher in the
CTL than in the DS group for age group 3 (þ6%, p < 0.001)
and age group 4 (þ7%, p < 0.01). SOS was significantly
lower in the CTL than in the DS group for age group 1
(p < 0.05) and age group 4 (p < 0.05). When adjusted for
age, the significance persisted for BUA, whereas the dif-
ference disappeared for SOS in age group 4.
BUA correlated with age for CTL patients only (Spear-
man’s rhoZ 0.351, p < 0.001). No correlation was observed
between age and SOS.Stabilometric parameters
Table 2 shows stabilometric data for the two groups. In-
dependent of the parameter studied, DS values were
consistently higher than CTL values.Table 2 Quantitative ultrasound parameters and stabilometric
CTL
Na Mean SD
BUA (dB/MHz) 242 114.8 (12.9)
SOS (m/s) 236 1593.6 (66.9)
Area (mm2) 227 132.9 (148.3)
Length (mm) 229 451.1 (228.9)
LFS 236 0.97 (0.30)
aV (m/s) 229 8.84 (4.44)
VFY 227 1.30 (4.04)
aVZ average sway velocity; BUAZ broadband ultrasound attenuation
function surface; NS Z not significant; QUS Z quantitative bone
VFY Z variance of velocity.
a The number of patients varied depending on the outliers.There was no difference between groups in the youngest
age group. Differences emerged for aV and Length in age
group 2. For the two older age groups, all stabilometric
parameters were higher in the DS group compared to the
CTL group.
The DS group did not display any difference in sta-
bilometric values across age groups. By contrast, inter-
age values decreased for each parameter in the CTL
group.
Negative correlation existed between age and all stabi-
lometric parameters for the CTL group: Area (Spearman’s
rho Z e0.396, p < 0.001), Length (Spearman’s
rho Z e0.350, p < 0.001), LFS (Spearman’s rho Z 0.276,
p < 0.001), aV (Spearman’s rhoZ e0.351, p < 0.001), and
VFY (Spearman’s rhoZ 0.445, p < 0.001). By contrast, no
correlation was reported between age and stabilometric
values in the DS group.
Negative correlations existed between BUA and most of
the stabilometric parameters (Table 3).data in both groups.
Between-group
difference
DS
N Mean SD
p < 0.001 187 108.3 (13.7)
p < 0.05 183 1608.7 (65.5)
p < 0.001 169 185.9 (161.9)
p < 0.001 168 635.2 (298.2)
p < 0.001 158 1.22 (0.43)
p < 0.001 171 12.68 (6.15)
p < 0.001 159 0.66 (6.73)
; CTLZ control group; DSZ Down syndrome group; LFSZ length
ultrasound; SD Z standard deviation; SOS Z speed of sound;
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Fig. 1 Comparison between DS (dark lines) and CTL (light lines) of QUS parameters (BUA and SOS; two figures at the top) and
stabilometric parameters (Area, Length, LFS, aV, and VFY) in function of age group. It is noticeable that for all stabilometric
measures, CTL group enhanced their performances with increasing age while DS did not evolve. Data are expressed as
mean  standard deviation. Interage group differences: * p < 0.05; ** p < 0.005; *** p < 0.001. aV Z average sway velocity;
BUA Z broadband ultrasound attenuation; CTL Z control group; DS Z Down syndrome group; LFS Z length function surface;
NS Z not significant; QUS Z quantitative bone ultrasound; SOS Z speed of sound; VFY Z variance of speed.
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The discriminatory ability of the stabilometric variables and
BUA measurements is shown in Fig. 2. These parameters
were able to discriminate between individuals with DS and
healthy controls only for age groups 3 and 4.
BUA measurements at the calcaneus corresponded to
the lowest discriminatory ability. The AUC of BUA was
significantly lower than the stabilometric AUCs. Length and
VFY showed higher discriminatory ability for age Group 3
(AUC: 0.685  0.04%), and main effect of Length and aV was
noted for age Group 4 (AUC: 0.882  0.041%). Independent
of the parameter selected, the discriminatory ability was
more powerful for the older group.Discussion
The present results demonstrate that significantly lower
BUA values were observed in individuals with DS, especially
after the age of 16 years. These values are linked to
significantly poorer stabilometric values. Bone weakness
observed in such individuals may result from the lower
muscle tonicity and stability, as assessed by the stabilo-
metric tests. Results from SOS data are difficult to explain.
In our study, we observed that SOS values did not differ
between individuals with DS and controls, except for the
younger age group. This result can be explained by the age
range of this younger group (10 years 9 months old). Alwis
et al [17] suggested that the precision of QUS
Table 3 Correlation between QUS parameters and stabi-
lometric parameters.
Na Spearman rho
correlation coefficient
Sig. (bilateral)
BUA Area 396 0.082 NS
Length 397 0.132 p < 0.01
LFS 394 0.129 p < 0.05
aV 400 0.147 p < 0.005
VFY 386 0.150 p < 0.05
SOS Area 386 0.037 NS
Length 387 0.104 p < 0.05
LFS 384 0.055 NS
aV 390 0.096 NS
VFY 376 0.008 NS
aV Z average sway velocity; BUA Z broadband ultrasound
attenuation; LFS Z length function surface; NS Z not signifi-
cant; SOS Z speed of sound; QUS Z quantitative bone ultra-
sound; VFY Z variance of velocity.
a The number of patients varied depending on the outliers.
Fig. 2 ROC curve results for BUA and stabilometric parameters fo
of (A) age Group 3 and (B) age Group 4. aV Z average sway velo
function surface; ROC Z receiver operating characteristic; VFY Z
34 M. Gavris et al.measurements is a function of age, especially in younger
children. In their study, they emphasized that, when look-
ing at SOS, changes from ages 6 years to 12 years appeared
to be random, without any specific growth pattern.
Moreover, results from literature remain uncertain about
the exact meanings of QUS parameters. Thus, in humans,
sensitivity of SOS to loading has been observed to be lower
than that of BUA [18]. In fact, if bone density determines
mainly SOS and partly BUA, microstructure of the bone in-
fluences mainly BUA [19]. Indeed, the literature reports
that BUA signals depend on trabecular orientation and are
independent of BMD, indicating that BUA has considerable
potential for noninvasive assessment of bone structure and
strength [11]. Our results showed low BUA values in in-
dividuals with DS. The strong correlation between BUA and
DXA observed in the current data suggests that individuals
with DS had lower BMD than controls. This is in accordance
with the findings of previous studies measuring bone den-
sity of individuals with DS using DXA [20,21].
BMD increases with growth until the end of skeletal
maturation. The lack of a correlation between BUA and age
reflects a disorder of bone maturation in the DS group. Inr Down syndrome patients and age-matched healthy individuals
city; BUA Z broadband ultrasound attenuation; LFS Z length
variance of speed.
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age groups. Specifically, the results showed that during the
peripubertal stage of development (10e15 years) no dif-
ference in BUA values was observed between controls and
patients with DS. However, in age group 3 (20 years) and
age group 4 (33 years), controls displayed higher BUA
values. It is possible that after puberty, skeletal maturation
of individuals with DS does not evolve in the same way as
individuals without DS.
The complexity of deficiencies linked to DS is susceptible
to result in deleterious bone matrix properties that could
explain these observations. BUA may reflect independently
bone density and bone material properties. Indeed, recent
studies confirm that measurements of wave velocity by QUS
devices should be sensitive, to some extent, to differences
of porosity and matrix properties among individuals [22].
The differences observed between our groups could be
linked to some specificities of this pathology.
Another explanation can be argued. Hypotonia is re-
ported routinely in describing the characteristics of DS.
According to the concept of “functional muscleebone unit”
[23], bone mass and bone geometry are influenced by
growth and muscle development in children and adoles-
cents. Muscle deficiency reported in these patients can
result in reduced bone mass and alteration of bone matrix.
The techniques commonly used to assess the muscle tone
(palpation, passively moving the limb, etc.) are highly
subjective and give limited information about the state of
the neuromuscular system [24]. We chose to use stabilo-
metric parameters as indexes of muscular activity because
these parameters provide objective measures of body sta-
bility and balance. What is remarkable is that, for all pa-
rameters, the values expressed by the DS group were
largely unaffected by age. Conversely, the stabilometric
performances displayed by controls were higher at each
age group, showing better results of stability with age.
These changes correlated negatively with age, suggesting
that the lower the values, the higher the performances. Of
interest is a previous study [25] suggesting that children are
supposed to reach the balance level of adults by the age of
12 years. The present results demonstrated that body sta-
bility and balance continue to evolve until adulthood in
individuals without DS.
The stage of development seems to play a role in
explaining these differences between individuals with DS
and controls, the significance appearing in age Groups 3 and
4, as observed for BUA. This observation tends to suggest a
close link between BUA, stabilometric factors, and biolog-
ical maturation.
For instance, VFY, a parameter usually associated with a
hyper- or hypomuscle tone of the posterior chain [13], was
correlated negatively with BUA, suggesting an association
between body tonicity and bone status. This could support
the implication of a deficiency in postural tone via the
observation of low BUA values.
Webber et al [24] showed that only the postural sway
velocity was able to differentiate between DS and non-
DS adult groups. In the present study, ROC analysis re-
sults demonstrated that all stabilometric parameters as
well as BUA at the calcaneus were able to discriminate
between the two groups within the two older age
groups.In the context of the “functional muscleebone unit”, it
would have been relevant to measure the muscle activity in
order to assess its force and coordination. This would have
allowed us to demonstrate exactly the link between muscle
tone and low values in QUS. Unfortunately, the large
number of participants and the multisited investigation
prohibited this option. Finally, if stabilometry is a method
used widely by clinicians for measuring the balance and
postural tonicity, its relevance for measuring muscle tone
remains debatable. Nevertheless, the close relationship
between QUS and stabilometric values observed in the
present study indicates a potential for using stabilometric
performances to control postural efficiency of DS patients
and predict the potential degradation of the bone tissue.
In conclusion, the present results support the efficiency
of QUS technique in measuring the skeletal health of in-
dividuals with DS. BUA appears sufficiently sensitive to
highlight the bone degradation observed in these patients
after adolescence and later in adulthood.
These results add evidence to previous reports con-
cerning the weak bone status of patients with DS. The
present study suggests that this status can be linked with a
lack of body stability assessed by stabilometric
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